Many calcifying organisms exert significant biological control over the construction and composition of biominerals which are thus generally depleted in oxygen-18 and carbon-13 relative to the isotopic ratios of abiogenic aragonite. The skeletal δ 18 O and δ 13 C values of specimens of Mediterranean zooxanthellate (Balanophyllia europaea and Cladocora caespitosa) and non-zooxanthellate corals (Leptopsammia pruvoti and Caryophyllia inornata) were assessed along an 8 • latitudinal gradient along Western Italian coasts, spanning ∼2 • C and ∼37 W m −2 of annual average sea surface temperature and solar radiation (surface values), respectively. Seawater δ 18 O and δ 13 C DIC were surprisingly constant along the ∼850 km latitudinal gradient while a ∼2 and ∼4% variation in skeletal δ 18 O and a ∼4 and ∼9% variation in skeletal δ 13 C was found in the zooxanthellate and non-zooxanthellate species, respectively. Albeit Mediterranean corals considered in this study are slow growing, only a limited number of non-zooxanthellate specimens exhibited skeletal δ 18 O equilibrium values while all δ 13 C values in the four species were depleted in comparison to the estimated isotopic equilibrium with ambient seawater, suggesting that these temperate corals cannot be used for thermometry-based seawater reconstruction. Calcification rate, linear extension rate, and skeletal density were unrelated to isotopic compositions. The fact that skeletal δ 18 O and δ 13 C of zooxanthellate corals were confined to a narrower range at the most isotopically depleted end compared to non-zooxanthellate corals, suggests that the photosynthetic activity may restrict corals to a limited range of isotopic composition, away from isotopic equilibrium for both isotopes. Our data show that individual corals within the same species express the full range of isotope fractionation. These results suggest that metabolic and/or kinetic effects may act as controlling factors of isotope variability of skeleton composition along the transect, and that precipitation of coral skeletal aragonite occurs under controlling kinetic biological processes, rather than thermodynamic control, by yet unidentified mechanisms.
INTRODUCTION
Scleractinian corals retain records of the chemical and physical conditions of the local surrounding seawater at the time of skeletal calcium carbonate accretion (McConnaughey, 2003; Allemand et al., 2004; Meibom et al., 2007) , thus serving as oceanic recorders with monthly to seasonal resolution (McCulloch et al., 1999; Cohen et al., 2001; Felis et al., 2003) . The skeletal carbon and oxygen isotopic ratios reflect temperatures, evaporation, precipitation, light intensity and primary production activity in the surrounding seawater but in a complex, and non-linear way (Levy et al., 2006; Rodrigues and Grottoli, 2006) . In particular, skeletal δ 18 O is the most commonly used proxy for seawater temperature and salinity (AlRousan et al., 2003; Asami et al., 2004; Linsley et al., 2006) . In general, the isotopic composition of oceanic water masses changes as a result of water loss by evaporation, that enriches the heavy isotope species in the surface waters, and water inflow by precipitation and/or river discharge, which cause a decrease of δ 18 O values of the oceanic water (Craig, 1961) , thus revealing a direct relationship between salinity and δ 18 O values. Moreover, at constant δ 18 O, an composition of seawater increase of 1 • C in SST is coupled to a decrease in coral δ 18 O of 0.18 to 0.22% (CorreÌge, 2006) . Coral skeletal δ 18 O and δ 13 C are generally shifted toward lower isotope values compared to aragonite in equilibrium with seawater (Weber and Woodhead, 1970, 1972; Weber, 1974; McConnaughey, 1989a) . These so-called vital effects Weber and Woodhead, 1972) or physiological effects (e.g., Epstein et al., 1951) , may override environmental signals (e.g., Meibom et al., 2003 Meibom et al., , 2004 Rollion-Bard et al., 2003) . However, in some cases, the environmentally controlled fraction that reflects the ambient temperature and isotopic composition of the water can be extracted and used for climatic reconstructions, as performed by Smith et al. (2000) in cold-water corals collected from the Norwegian Sea to the Antarctic.
Vital effects are the result of a biologically controlled calcification process (Wilbur and Simkiss, 1979; Allemand et al., 2004) . In scleractinian corals, calcification is thought to occur within a physiologically controlled calcifying fluid (cf) in a semi-confined environment between the coral skeleton and its calicoblastic cell layer 8, 9, 10 . Carbonate chemistry of the calcifying fluid is exquisitely regulated through Ca 2+ -ATPase proton pumps acting as Ca 2+ /H + exchangers (or antiporters), which remove two H + ions from the calcifying fluid in exchange for every Ca 2+ ion transported from the calicoblastic epithelial cells into the calcifying space (Al-Horani et al., 2003; Zoccola et al., 2004) . By this process, calcifying fluid pH can be elevated significantly above ambient. Sources of dissolved inorganic carbon (DIC) can be either from seawater or from coral respiration and can be in the form of: (1) CO 2 freely diffusible across lipid membranes (Sueltemeyer and Rinast, 1996) ; and (2) bicarbonate (HCO 3 − ) requiring specific carrier proteins (Furla et al., 2000; Vidal-Dupiol et al., 2013) .
Physiological/vital effects can be attributed to "metabolic" or "kinetic" isotope fractionations. While metabolic effects are caused primarily by respiration and photosynthesis (Weber and Woodhead, 1970; Weber, 1974; Weber et al., 1976; Goreau, 1977a,b; Swart, 1983) , kinetic effects associated with the hydration and hydroxylation of carbon dioxide during coral skeletogenesis result in simultaneous isotopic depletion of carbon and oxygen (relative to aragonite isotopic equilibrium; McConnaughey, 1989a,b) . The prevailing hypothesis is that photosynthesis preferentially removes the light isotope of carbon from the internal pool of DIC while respiration enriches the pool in the light isotope (Weber and Woodhead, 1970; Weber, 1974; Weber et al., 1976; Goreau, 1977a,b; Swart, 1983) . In general, since calcification in symbiotic corals should be on average three times higher during the day (Gattuso et al., 1999) , when photosynthetic CO 2 uptake is several times faster than respiratory CO 2 release (McConnaughey, 1989a; McConnaughey et al., 1997) , photosynthesis affects δ 13 C up to 11% more strongly than respiration (about 1.5%). Thus, corals in which zooxanthellae are photosynthesizing rapidly will tend to show isotopically enriched skeletons compared to those in which photosynthesis is occurring much slower or does not occur at all (i.e., non-zooxanthellate species; Heikoop et al., 2000) . RollionBard et al. (2003) suggested that the observed δ 18 O values reflect partial isotopic re-equilibration with water following kinetic CO 2 hydration/hydroxylation reactions while Adkins et al. (2003) proposed a quantitative (carbonate based) model to explain both carbon and oxygen fractionations. Both models allowed a "leak" of seawater to the calcifying sites. Recently, Chen et al. (2018) expanded this model and incorporated carbonic anhydrase activity to better explain the mechanism and the depletion relation between δ 18 O and δ 13 C. It is widely recognized that vital effects are not always constant within a genus or species, or even within individual corals, with faster growing individuals or faster growing parts of coral skeletons being generally more depleted in both δ 18 O and δ 13 C (e.g., Land et al., 1975; McConnaughey, 1989a; Cohen and McConnaughey, 2003) . In fact, it has been observed that biomineralization in corals does not follow classical thermodynamic rules but rather responds to biological kinetic effects, following a mechanism that has not yet been unraveled (Juillet-Leclerc et al., 2018) . McConnaughey (1989a) investigated zooxanthellate and non-zooxanthellate coral species from the in an attempt to same growth environment unravel the chemical mechanisms behind vital effects. His results showed that the photosynthetic Pavona had higher δ 13 C than the non-photosynthetic Tubastrea, suggesting that algal preferential uptake of 12 C leaves the residual inorganic calcification "pool" enriched in 13 C, thereby increasing the δ 13 C of the skeleton. Moreover, McConnaughey (1989b) concluded that skeleton carbonate precipitation must be fast enough to allow absorption of HCO 3 − and/or CO 3 2− , formed by CO 2 hydration and hydroxylation, before they isotopically reequilibrate with seawater.
In the Mediterranean Sea, coral-based paleoclimatic studies are limited compared to tropical regions. Temperate seas like the Mediterranean are characterized by pronounced seasonal irradiance, temperature, and nutrient cycles, while high temperature and irradiance, and low nutrients are far less variable in tropical seas (Ferrier-Pagès et al., 2012) . The Mediterranean basin is considered an oligotrophic basin (Sournia, 1973) , with generally low chlorophyll concentration, with the exception of a large bloom observed in the Liguro-Provencal Region (D'Ortenzio and Ribera d 'Alcalà, 2009) . Along the western Italian coast, the wind effect, coastal upwelling, and winter layers mixing, determine a decrease in the biomass of phyto-and zooplankton from north to south (D'Ortenzio and Ribera d'Alcalà, 2009) . Local currents and rock composition at the Genova site considered in this study generate particular local conditions leading to higher SSTs than expected at that latitude [annual SST of Ligurian Sea = 18 • C and Genova-Portofino (GN) = 19 • C]. Moreover, the Strait of Messina, where the Scilla site is located, lies at the center of the Mediterranean Sea and is characterized by strong currents, including upwelling of deeper water of Levantine intermediate water origin (Cortese and De Domenico, 1990) , which are colder, more salty and nutrient-rich with respect to the Tyrrhenian Surface Waters (Atlantic Water origin). Such environmental differences must be cautiously taken into account when investigating and interpreting the skeletal isotope signal of temperate corals. Stable isotope and trace element composition, in combination with U-series and radiocarbon dating of the zooxanthellate coral Cladocora caespitosa, and of the cold-water corals Desmophyllum dianthus, Lophelia pertusa, and Madrepora oculata have been validated as high-resolution paleoenvironmental proxies (Peirano et al., 2004; Silenzi et al., 2005; Cohen et al., 2006; Montagna et al., 2008; López Correa et al., 2010; Trotter et al., 2011) .
The aim of the present study was to investigate the speciesspecific variation of skeletal δ 18 O and δ 13 C and "vital effects" in four Mediterranean scleractinian species along an 8 • latitudinal gradient along the Italian coast. We collected and analyzed the colonial zooxanthellate C. caespitosa (Linnaeus, 1767), the solitary zooxanthellate Balanophyllia europaea (Risso, 1826), and the two solitary non-zooxanthellates Leptopsammia pruvoti Lacaze-Duthiers, 1897 and Caryophyllia inornata (Duncan, 1878). We measured the surrounding seawater δ 18 O and δ 13 C of DIC to determine the fractionation between coral skeletons and seawater during calcification.
MATERIALS AND METHODS

Sample Collection and Treatment
Specimens of four coral species and seawater samples were collected between July 2010 and June 2013 from six sites along a wide latitudinal gradient spanning ∼850 km and ∼2 • C of average sea surface temperature along the Western Italian coast (44 • 20 N to 36 • 45 N; Figure 1 and Table 1 ). B. europaea and C. caespitosa specimens were randomly collected along a reef with southerly exposure at a depth of 5-7 m. All four coral species occur at all six sites, except for C. caespitosa which was not sampled at Scilla. Leptopsammia pruvoti and C. inornata specimens were randomly collected on the vault of crevices at a depth of 15-18 m, except for the Elba site where C. inornata was collected under the wings of a sunken plane wreck, at a depth of 12-15 m. Coral tissue was removed by immersing the samples in a solution of 10% commercial bleach for 3 days. Corals were dried for 4 days at a maximum temperature of 50 • C to avoid phase transitions in the skeletal carbonate (Vongsavat et al., 2006) . Samples were inspected under a binocular microscope to remove fragments of substratum and calcareous deposits produced by other organisms. Polyp length (L: maximum axis of the oral disc), width (W: minimum axis of the oral disc), and height (h: oralaboral axis) were measured using a pair of calipers (cf. Goffredo et al., 2007) and dry skeletal mass was weighed using an analytical balance (±0.1 mg).
Seawater samples for δ 18 O (N = 5-8 per site at 6 and 16 m depth; Table 2 ) were collected by SCUBA in 50 ml plastic bottles, sealed, and kept in a refrigerator at 4 • C for 3-6 months prior to analysis. Seawater samples for δ 13 C of dissolved inorganic carbon (DIC; N = 2-5 per site at 6 and 16 m depth; Table 2 ) were collected by SCUBA in borosilicate-glass bottles, and 1 ml of saturated mercuric chloride (HgCl 2 ) was introduced to 100 ml of seawater in order to stop all biological activity. The bottles were kept in a refrigerator at 4 • C for 3-6 months prior to analysis. Water samples were collected in duplicate.
Carbon and Oxygen Isotopic Compositions
For skeletal δ 13 C and δ 18 O analysis, the whole corallite, which represents approximately the past 5-20 years of growth, was ground in a mortar to obtain a fine and homogeneous powder. Skeletal CaCO 3 samples of 220-250 µg were reacted with 100% orthophosphoric acid and CO 2 gas was analyzed using a Finnigan GasBench II connected in line to a Finnigan MAT 252 isotope ratio mass spectrometer. Calibration was maintained by routine analyses of internal and international standards. The long-term precision of our internal laboratory standard is 0.06 and 0.10% for carbon and oxygen, respectively. Oxygen isotopes analysis of sea water (δ 18 O sw ) were carried out by equilibrating 0.5 ml of samples with a mixture of 0.5% CO 2 in He at 25 • C for 24 h. The samples were analyzed on a Gas Bench II connected in line to a Finnigan MAT 252 mass spectrometer. The results are reported relative to the Vienna Standard Mean Ocean Water (VSMOW) with 0.05% (±1σ) long-term precision of laboratory working standard.
For seawater δ 13 C of DIC (δ 13 C DIC ) analysis, 1 ml of seawater was injected into gas vials pre-flushed with He, then acidified with 0.15 ml H 3 PO 4 and left to react for 24 h in 25 • C. The samples were analyzed on a Gas Bench II and Finigan MAT 252. The results are reported relative to the international ViennaPeeDee Belemnite (VPDB) standard with 0.08% long-term precision (±1σ) of NaHCO 3 laboratory standard (chemically pure). The coral δ 13 C skeleton and δ 18 O skeleton data are reported against VPDB-standard.
Growth Parameters
The mean annual calcification rate (mass of CaCO 3 deposited per year per area unit) was calculated for each specimen by applying the following formula: calcification (mg mm −2 yr −1 ) = skeletal density (mg mm −3 ) × linear extension (mm yr −1 ) (Lough and Barnes, 2000; Carricart-Ganivet, 2004) . Corallite length (L, maximum axis of the oral disc), width (W, minimum axis of the oral disc), and height (h, oral-aboral axis) were measured with calipers and the dry skeletal mass (M) was measured with a precision balance. Corallite volume was calculated using the Goffredo et al., 2007) The skeletal density for each corallite was calculated as M/V and the linear extension as L/age.
The age of each specimen was estimated by applying the Von Bertalanffy growth function, using the asymptotic length and growth constants for each population following Goffredo et al., 2008 for B. europaea, Caroselli et al., 2012b for L. pruvoti, and Caroselli et al., 2016b for C. inornata.
Environmental Parameters
Average monthly values of salinity were obtained using the Copernicus Marine Service Product 2 . Monthly at-depth temperatures (DT) at 6 m were obtained from Airi et al. (2014) and at 16 m were obtained from Caroselli et al. (2016a) . Monthly values of solar radiation (SR; in W m −2 ) were obtained from Caroselli et al. (2016a) . Temperature data ( • C) were recorded by digital thermometers (i-Button, DS1921G-F5#, Maxim Integrated Products, Dallas Semiconductors) placed at the sampling location (∼ 6 or 16 m depth, depending on the species) for each population. Sea Surface Temperature Values are averages of the 6 years preceding the sampling (n = 72). In brackets the average min (December, January, and February) and max (June, July, and August) values. The sites are arranged in increasing order of latitude. Solar radiation data from Caroselli et al. (2016b) ; temperature data for 6 m from Airi et al. (2014) ; temperature data for 16 m from Caroselli et al. (2016b) . historical data (SST; • C) were obtained for each site from the National Mareographic Network of the Superior Institute for the Environmental Protection and Research (ISPRA 3 ). Site-bysite, historical at-depth temperatures were estimated by linear regression produced between the temperature data recorded by the digital thermometers and SST. Monthly values of solar radiation (SR; W m −2 ) were obtained from the databank of the Satellite Application Facility on Climate Monitoring (CM-SAF/EUMETSAT 4 ) and represent values at sea surface. In this study, the average DT and SR of the 6 years preceding sampling (n = 72 monthly temperatures) was considered based on the mean turnover time of populations (calculated as the reciprocal of the instantaneous rate of mortality, Z; Caroselli et al., 2016a,b) .
Statistical Analyses
One-way analysis of variance (ANOVA) was used to compare environmental parameters, seawater and coral isotope data among sites. Data were checked for normality using a Kolmogorov-Smirnov's test and for variance homoskedasticity using a Levene's test. When assumptions for parametric statistics were not fulfilled, the non-parametric Kruskal-Wallis equalityof-populations rank test was used, including the Monte Carlo correction for small sample size (Gabriel and Lachenbruch, 1969) . The Monte Carlo correction solves problems in nonparametric tests for small samples, because it estimates the p-value by taking a random sample from the reference set and studies its permutations (Senchaudhuri et al., 1995) . Pearson's correlation coefficients were calculated to test the relationship between environmental parameters and latitude, between skeletal δ 13 C and δ 18 O in the four individual species and for each group, zooxanthellate (B. europaea and C. caespitosa) and non-zooxanthellate (C. inornata and L. pruvoti) species, and between skeletal δ 13 C and δ 18 O and skeletal parameters (i.e., net calcification rate, linear extension rate, and skeletal density) in three species (B. europaea, C. inornata, and L. pruvoti). Spearman's rank correlation coefficient was used to calculate the significance of the correlations between coral δ 13 C and δ 18 O and latitude and seawater temperature. Spearman's rank correlation coefficient is an alternative to Pearson's correlation coefficient (Altman, 1991) . It is useful for data that are non-normally distributed and do not meet the assumptions of Pearson's correlation coefficient (Potvin and Roff, 1993) . Analysis of covariance (ANCOVA) was used to examine differences in δ 13 C and δ 18 O regression slopes between species. All analyses were computed using SPSS 20.0.
RESULTS
Solar Radiation, Seawater Temperature, δ 13 C, and δ 18 O Average DT and solar radiation (SR) both varied among sites (DT at 6 m, Kruskal Wallis test, χ = 16.9, n = 6, p < 0.010; DT at 16 m, Kruskal Wallis test, χ = 21.7, n = 6, p < 0.010; SR, Kruskal Wallis test, χ = 18.4, n = 6, p < 0.010). While SR was negatively correlated with latitude (Pearson's correlation, n = 6, p < 0.010; Figure 2A ), DT was not correlated with latitude (Pearson's correlation, n = 6, p > 0.050; Figure 2B ). The 6 years average monthly values of SR ranged from 162.0 W m −2 at GN to 212.3 W m −2 at PN (Table 1 and Supplementary Table S1 ). The 6 years average monthly seawater temperature exhibited an annual cycle in all sites, reaching summer maxima of 21.7-23.7 • C and 20.3-22.9 • C at 6 and 16 m depth, respectively, and winter minima of 13.4-16.7 • C and 13.1-15.6 • C at 6 and 16 m depth, respectively ( Table 1 and Supplementary Tables S2, S3 ). The temperature difference between 6 and 16 m depth was not significantly different (average temperature, t-Test, t = 1.208, n = 12, p > 0.050; average minimum temperature, t-Test, t = 0.604, n = 12, p > 0.050; average maximum temperature, t-Test, t = 1.489, n = 12, p > 0.050; Supplementary  Tables S2, S3 ), in the order of 0.4-0.8 • C for annual average and both, summer and winter months. The annual amplitude was maximal in Genova (∼8-9 • C), and minimal in Scilla (∼6 • C:  Supplementary Tables S2, S3) . Average annual δ 18 O sw along the Italian western coast was 0.65 ± 0.23% (mean ± SD) at 6 m and 0.71 ± 0.24% at 16 m and ranged between 0.60 and 0.72% at 6 m and between 0.58 and 0.81% at 16 m depth. The average annual δ 13 C DIC along the transect was 0.99 ± 0.17% at 6 m and 0.99 ± 0.12% at 16 m relative to VPDB and ranged between 0.67 and 1.07% at 6 m and between 0.72 and 1.08% at 16 m depth. No significant differences in average annual δ 18 O sw were found among sites (Kruskal-Wallis test, χ = 1.611, χ = 3.853, n = 40 and n = 38 at 6 and 16 m depth, respectively, p > 0.050; Figure 2C and Table 2 ) which was remarkably constant along the 850 km North-South transect. Also, average annual δ 13 C DIC did not exhibit significant differences among sites either (KruskalWallis test, χ = 9.232, χ = 9.357, n = 22 and n = 20 at 6 and 16 m depth, respectively, p > 0.050; Figure 2D and Table 2 ).
The isotopic value for a biological aragonite precipitated in quasi-equilibrium with ambient seawater along the latitudinal gradient, calculated from Grossman and Ku (1986) for oxygen [T = 20.6 -4.34(δ 18 O arag -δ 18 O seawater ] and Romanek et al. (1992) for carbon (δ 13 C arag = δ 13 C DIC + 2.7), using the annual average temperature from all stations at both depths, resulted in 0.51% for δ 18 O and 2.7% for δ 13 C (Figure 3) . Average δ 18 O seawater and δ 13 C DIC were not included in the equation as the graph axis is respectively, δ 18 O arag -δ 18 O seawater and δ 13 C arag -δ 13 C DIC . 
Skeletal δ 13 C and δ 18 O and Growth Parameters
Average skeletal δ 18 O and δ 13 C along the gradient was −4.32 ± 0.71% (mean ± SD) and −1.66 ± 0.36%, respectively, in B. europaea, −4.28 ± 0.28% and −1.59 ± 0.19%, respectively, in C. caespitosa, −2.50 ± 1.21% and 0.88 ± 0.50%, respectively, in L. pruvoti, and −3.83 ± 1.14% and −0.09 ± 0.47%, respectively, in C. inornata (Table 3) relative to VPDB. Both skeletal δ 13 C and δ 18 O differed among sites in all species (B. europaea, ANOVA, n = 30, p < 0.01, F = 4.904 and F = 5.240, respectively; C. caespitosa, ANOVA, n = 25, p < 0.001, F = 39.601 and F = 24.489, respectively; L. pruvoti, ANOVA, n = 30, p < 0.001, F = 13.212 and F = 8.049, respectively; C. inornata, ANOVA, n = 30, p < 0.001, F = 17.735 and F = 11.225, respectively; Table 3 ). Skeletal isotope data are presented as δ 13 C skeleton -δ 13 C DIC or δ 18 O skeleton -δ 18 O sw in order to account for the isotopic composition of the local seawater in each site. A strong positive correlation between skeletal δ 13 C and δ 18 O was observed in all species ( Table 4) . The slopes within each group, zooxanthellate and non-zooxanthellate, did not differ (B. europaea vs C. caespitosa, ANCOVA, F = 0.382, n = 30 and 25, respectively; L. pruvoti vs C. inornata, ANCOVA, F = 0.492, n = 30 both species; p > 0.050; Figure 3) . The slopes did not differ also between the two groups (zooxanthellate vs nonzooxanthellate, ANCOVA, F = 0.994, n = 55 and 60, respectively; p > 0.050; Figure 3 ). Latitude showed a significant positive correlation with both skeletal δ 13 C and δ 18 O in B. europaea (Spearman's correlation, r 2 = 0.361 and 0.438, respectively, n = 30, p < 0.001; Figure 4) , and C. caespitosa (Spearman's correlation, r 2 = 0.360, n = 25, p < 0.010 and r 2 = 0.214, n = 25, p < 0.050, respectively; Figure 4) . Solar radiation showed a symmetrical trend with a negative correlation with both skeletal δ 13 C and δ 18 O in B. europaea and C. caespitosa (Supplementary Figure S1) . Generally, no significant correlation was found between skeletal δ 18 O or δ 13 C and average annual temperature, except for δ 18 O of C. inornata which correlated positively (Spearman's correlation, r 2 = 0.287, n = 30, p < 0.010; Supplementary Figure S2) . Skeletal δ 13 C and δ 18 O values of B. europaea were negatively correlated with average minimum temperature (Spearman's correlation, r 2 = 0.301, n = 30, p < 0.001 and r 2 = 0.179, n = 30, p < 0.050, respectively; Figures 5A,B) , while skeletal δ 18 O of C. inornata was positively correlated with average minimum temperature (Spearman's correlation, r 2 = 0.201; n = 30, p < 0.050; Figure 5H ). Skeletal δ 13 C and δ 18 O values were positively correlated with average maximum temperature in C. caespitosa (Spearman's correlation, r 2 = 0.232, n = 25, p < 0.050 and r 2 = 0.487, n = 25, p < 0.001, respectively; Figures 6C,D) and C. inornata (Spearman's correlation, r 2 = 0.182, n = 30, p < 0.050 and r 2 = 0.397, n = 30, p < 0.001, respectively; Figures 6G,H) .
Generally, no correlation was found between skeletal δ 13 C and δ 18 O and net calcification rate, linear extension rate, and skeletal density, in neither of the species, except for linear extension rate in L. pruvoti that showed a positive correlation with both δ 13 C and δ 18 O (Pearson's correlation, r 2 = 0.288, n = 30, p < 0.010 and r 2 = 0.146, n = 30, p < 0.050, respectively; Figure 7 and Table 3 ).
DISCUSSION
This study investigated for the first time the skeletal δ 18 O and δ 13 C of individual specimens of zooxanthellate and nonzooxanthellate Mediterranean coral species and the stable isotope signature of the surrounding seawater collected along a ∼850 km latitudinal gradient. Previous studies performed on the solitary zooxanthellate B. europaea along the same FIGURE 3 | Isotopic comparison between Balanophyllia europaea (zooxanthellate), Cladocora caespitosa (zooxanthellate), Leptopsammia pruvoti (non-zooxanthellate), and Caryophyllia inornata (non-zooxanthellate) at 6 sites along the west coast of Italy (∼850 km transect). Regression lines are the best fit to the zooxanthellate and non-zooxanthellate data sets. The black square indicates the estimated aragonite equilibrium value for average annual temperature for the 6 sites along the gradient using Grossman and Ku (1986) for oxygen and Romanek et al. (1992) for carbon. Vertical bar indicates equilibrium values corresponding to maximum and minimum average temperature. r 2 , Pearson's coefficient of determination; r, Pearson's correlation coefficient; n, number of individuals.
latitudinal gradient considered in this study showed a reduction of the net calcification rate, which results in a progressive decrease of skeletal bulk density and an increase in skeletal porosity, especially of larger sized pores with increasing seawater temperature (Caroselli et al., 2011; Fantazzini et al., 2013) . This determines a decrease of the resistance of the skeleton to mechanical stress . Furthermore, its population stability and abundance decrease with increasing temperature, as evidenced by a progressive lack of juveniles (Goffredo et al., 2007 (Goffredo et al., , 2008 . On the other hand, the solitary nonzooxanthellate (i.e., asymbiotic) corals L. pruvoti and C. inornata appear insensitive to temperature along the same gradient (Goffredo et al., 2007 (Goffredo et al., , 2008 (Goffredo et al., , 2009 Caroselli et al., 2011 Caroselli et al., , 2012a Fantazzini et al., 2013) . A study conducted along a natural temperature gradient in the Eastern Adriatic Sea on the colonial zooxanthellate coral C. caespitosa showed increases in net calcification rate with SST (Kružić et al., 2012) , in contrast with laboratory observations showing that long-term exposure to high temperature led to a decrease in net calcification (RodolfoMetalpa et al., 2006) . However, none of these studies investigated the species-specific variation of skeletal δ 18 O and δ 13 C under different temperature conditions.
In this study, a wide variation in both skeletal δ 18 O and δ 13 C (∼2 to ∼4% and ∼4 to ∼9%, respectively) was found among the investigated species which could be attributed to metabolic/kinetic effects, given the relatively limited seawater temperature difference (∼2 • C annual average SST, which however, was not correlated with latitude) and the homogeneity of the seawater δ 18 O and δ 13 C DIC measured along the gradient. Seawater δ 18 O was remarkably constant along the 850 km transect with a restricted variation in salinity from 37.7 psu in Pantelleria to 38.1 psu in Genova, indicating that evaporation and precipitation and/or river discharges do not vary substantially along the gradient. Average δ 18 O sw values along our gradient (0.65 ± 0.23%) were lower than those measured for surface waters in the Eastern Mediterranean Sea by Pierre et al. (1986) (1.68%) and by Gat et al. (1996) (∼1.38%), probably as a result of higher temperature and salinity values compared to the Western Mediterranean Sea (Sakalli, 2017) . Pantelleria seems to show slightly lower δ 18 O sw values along the latitudinal gradient, perhaps as a remnant of Atlantic water surface inflow, prior to increased evaporation, when moving north as Tyrrhenian Current (Paul et al., 2001) . We also observed the lower δ 18 O sw values for the shallower sampling depths of 6 m in Elba, Calafuria and Genova, which could be linked to river inflow and salinity, however, we exclude this possibility as the average salinity would have to be lower than in the other locations, which is not the case. Further seawater isotope measurements are needed to verify whether this observation is maintained. The average annual δ 13 C of the DIC also did not vary along the transect, suggesting that local primary production does not control the absolute value and is kept at the same level in coastal waters. Apparently, gas exchange and water mass characteristics override the primary production signal. The well mixed water column and the lack of stratified primary production is evident from the average annual δ 13 C DIC identity between 6 and 16 m. At thermodynamic equilibrium, skeletal δ 18 O is a function of temperature and δ 18 O seawater from which the coral deposited its CaCO 3 . Hence, along the 850 km transect, where δ 18 O seawater shows small variations, changes in coral skeletal δ 18 O should reflect changes in seawater temperature (Weber and Woodhead, 1972; Gagan et al., 2000; Kuhnert et al., 2000) . The measured yearly average temperature change along the transect is about 2 • C, yielding an expected skeletal δ 18 O change of about 0.5% according to the coral aragonite temperature dependency (0.22% per 1 • C; Epstein et al., 1953; Grossman and Ku, 1986; Böhm et al., 2000) . Instead, a ∼2 and ∼4% variation in skeletal δ 18 O was observed in the zooxanthellate and non-zooxanthellate species, respectively (Figure 3) . The skeletal δ 13 C, which is strongly influenced by photosynthesis (light) and feeding (which directly affects the respired δ 13 C; McConnaughey, 2003) , exhibits also a wide range, ∼4% for zooxanthellate corals and ∼9% for the non-zooxanthellate corals. These ranges, as well as the significant correlations between δ 18 O and δ 13 C in all species, point either to the metabolic and/or kinetic effects as possible controlling factors of isotope variability of skeleton composition along the transect (McConnaughey, 1989a; Smith et al., 2000; Schoepf et al., 2014) . Given the difficulty in distinguish between kinetic and metabolic isotope effects, we applied the correction for kinetic isotope effects for δ 13 C proposed by Heikoop et al., 2000 , which however, did not improve the statistics or the interpretation of the data (Supplementary Figure S3) so we assume this correction does not work for our dataset. The full range of the isotope effect is presented in the δ 18 O skeleton -δ 18 O sw vs δ 13 C skeleton -δ 13 C DIC plot (Figure 3) . The key observations from this plot are:
(1) The isotope range of non-zooxanthellate corals is much larger than that of the zooxanthellate corals in both carbon and oxygen. (2) Each species encompasses the full range of its group, nonzooxanthellate or zooxanthellate. (3) The regression lines are almost parallel within each group and did not differ between the two groups ( Table 4) . (4) No corals exhibited equilibrium values as calculated for biogenic aragonite. (5) The isotope range of different specimens on the 850 km transect is almost the same as that observed on a high resolution 2500 µm scale of the cold-water coral D. cristagalli from the Chilean Fjord (Adkins et al., 2003) and on a 4000 µm scale of the cold-water coral L. pertusa from Santa Maria di Leuca (Ionian Sea, Southern Italy; by López Correa et al., 2010) . It is also comparable to the SIMS microanalysis δ 18 O skeleton range (Juillet-Leclerc et al., 2018) and the high-density bands of C. caespitosa from a hundred year record in northwestern Mediterranean (Silenzi et al., 2005) . Bulk analyses on mm scale resolution also exhibit a similar range for Tubastrea and Pavona clavus from the Galapagos (McConnaughey, 1989a) .
Calcification rate, linear extension rate and skeletal density were suggested as factors which impact the isotopic composition of calcareous organisms such as corals (Land et al., 1975; Erez, 1978; McConnaughey, 1989a) . Our results show that there is no correlation between any of these parameters and the measured isotope composition (Figure 7 ). This conclusion holds at the species level, regardless of their trophic strategy (i.e., non-zooxanthellate or zooxanthellate), all species being slow growing corals (∼0.7 to ∼3 mm yr −1 ; Peirano et al., 1999) . This finding contrasts McConnaughey's (1989a) assumption that rapid skeletogenesis favors strong kinetic effects. However, we cannot exclude the possibility that this result could also be due to the uncertainty associated with the estimated calcification data (see section "Materials and Methods"). The two zooxanthellate corals, B. europaea and C. caespitosa show significant correlations of δ 18 O and δ 13 C with latitude (Figure 4) being depleted with decreasing latitude and thus increasing solar radiation (Figure 2 and Supplementary Figure S2) . Given that algal photosynthesis can be inhibited by excessive irradiance (Cullen and Neale, 1994; Caroselli et al., 2015; Iluz and Dubinsky, 2015) , the depleted skeletal δ 13 C could result from inhibited photosynthesis of the symbiotic zooxanthellae at certain times in summer. This is in agreement with previous studies performed on B. europaea along this gradient, which highlighted negative effects on growth, population dynamics, and reproductive parameters (Goffredo et al., 2007 (Goffredo et al., , 2008 (Goffredo et al., , 2009 Caroselli et al., 2011; Fantazzini et al., 2013) . Moreover, photosynthesis of zooxanthellae has temperature optima (Al-Horani, 2005) , thus the decrease in δ 13 C with increasing minimum temperature in B. europaea could be linked to an inhibition of the photosynthetic process at higher temperatures. C. caespitosa and C. inornata show an increase in δ 13 C and δ 18 O with increasing maximum temperature FIGURE 5 | The relation between skeletal δ 13 C and δ 18 O with average minimum temperature in B. europaea (temperature at 6 m; A,B), C. caespitosa (temperature at 6 m; C,D), L. pruvoti (temperature at 16 m; E,F), and C. inornata (temperature at 16 m; G,H). r 2 , Spearman's determination coefficient; r, Spearman's correlation coefficient; n, number of individuals. (Figure 6) . A possible explanation for the pattern observed in C. caespitosa could be a reduction of the calcification with increasing temperature. Rodolfo-Metalpa et al. (2006) showed that long-term exposure to high temperature led to a decrease in net calcification of C. caespitosa (Rodolfo-Metalpa et al., 2006) . However, further studies are needed on the growth of this species along the gradient to validate this hypothesis. Regarding the observed increase in δ 13 C and δ 18 O with increasing temperature we were not able to find any suitable explanation.
The discrimination between the "metabolic effects" and "kinetic isotope effects" is difficult. We adopt for this discussion McConnaughey's (1989a) definition that kinetic isotope effects are characterized by strong linear correlation between skeletal δ 18 O and δ 13 C due to discrimination against the heavy isotopes during CO 2 hydration and hydroxylation. Metabolic effects in McConnaughey's (1989a) involve additional positive or negative modulation of skeletal δ 13 C, reflecting changes in the δ 13 C of DIC reservoir, caused mainly by photosynthesis and respiration. Our results show that the metabolic effect is not confined to affect carbon isotopes solely. The nonzooxanthellate L. pruvoti and C. inornata show twice the δ 18 O disequilibrium range compared to the zooxanthellate corals B. europaea and C. caespitosa (Figure 3) . This does not support the hypothesis that zooxanthellate and non-zooxanthellate corals attain about the same equilibrium value (McConnaughey, 1989a) . The fact that zooxanthellate corals exhibit a narrower range FIGURE 6 | The relation between skeletal δ 13 C and δ 18 O with average maximum temperature in B. europaea (temperature at 6 m; A,B), C. caespitosa (temperature at 6 m; C,D), L. pruvoti (temperature at 16 m; E,F), and C. inornata (temperature at 16 m; G,H). r 2 , Spearman's determination coefficient; r, Spearman's correlation coefficient; n, number of individuals.
of skeletal δ 18 O and δ 13 C, which are confined to the more depleted values, suggests that the photosynthetic activity restricts the corals to a narrow range of isotopic composition, away from isotopic equilibrium for both isotopes. In Adkins' model, which considers two major pools [CO 2 (aq)] and seawater DIC for the mineralization process, this indicates lower% seawater leak and/or higher pH at the calcifying fluid (Adkins et al., 2003) . The wider range and the proximity of the skeletal isotope values to equilibrium values (Figure 3 ) observed in the non-zooxanthellate compared to the zooxanthellate corals investigated here suggest more seawater leak to the calcifying fluid and lower pH of calcification. This may seem apparently in disagreement with the higher pH (pH of calcifying fluid minus pH of seawater) observed for deep-sea species compared to tropical and temperate aragonitic specie, which however, has been suggested as a mechanism to overcome the severe environmental limitations (low levels of carbonate saturation) of the deep ocean (McCulloch et al., 2012) , which certainly do not apply to the shallow water non-zooxanthellate species considered here. Moreover, a larger contribution from ambient seawater to the calcifying fluid in non-zooxanthellate corals is supported by the observed higher porosity in L. pruvoti compared to B. europaea (Caroselli et al., 2011) . The higher porosity may allow seawater to reach the calcification sites through vacuole transport through cells, channels between cells and gaps between calcifying tissues, and the skeleton (Furla et al., 1998) . The Mediterranean shallow water zooxanthellate and nonzooxanthellate corals investigated in this study fit well the general relation between δ 18 O and δ 13 C of deep-sea species, including the observation of the "metabolic carbon offset, " in the order of 1-2% (Adkins et al., 2003) . However, the "Maximum membrane carbon flux" inflection point (i.e., at the most depleted carbon values δ 13 C FIGURE 7 | The relation between skeletal δ 13 C and δ 18 O and net calcification rate (mg mm −2 yr −1 ; A,D), linear extension rate (mm yr −1 ; B,E) and skeletal bulk density (mg mm −3 ; C,F) in B. europaea, L. pruvoti, and C. inornata at 6 sites along the west coast of Italy (∼850 km transect). Net calcification rate, linear extension rate and skeletal density data were taken from Goffredo et al. (2009 ) and Caroselli et al. (2012a , 2016b . r 2 , Pearson's coefficient of determination; r, Pearson's correlation coefficient; n, number of individuals.
remains constant while δ 18 O continues to decrease), observed in deep-sea corals is not found in our data (Adkins et al., 2003) .
For a given value of δ 18 O, the zooxanthellate Mediterranean species have heavier δ 13 C compared to the non-zooxanthellate corals (Figure 3 ), in agreement with previous studies suggesting that photosynthesis enriches skeletal δ 13 C (Swart, 1983; McConnaughey, 1989a) . Only a limited number of individual non-zooxanthellate corals exhibit skeletal δ 18 O equilibrium values while all δ 13 C values in the four Mediterranean species are depleted in comparison to the estimated isotopic equilibrium with ambient seawater. This suggests that temperate corals cannot be used for thermometry-based seawater reconstruction. The weak temperature dependency of B. europaea with average minimum temperature might be the exception (Figure 5) . Also, the strong kinetic effect suggested by the high correlation between δ 18 O and δ 13 C observed in the zooxanthellate species likely prevents the use of these species as proxies of cloud cover, seasonality, and nutrient/zooplankton levels (e.g., Grottoli and Wellington, 1999; Heikoop et al., 2000; Grottoli, 2002) .
CONCLUSION
The skeletal stable isotopic signatures of individual specimens of zooxanthellate and non-zooxanthellate Mediterranean coral species collected along an 8 • latitudinal gradient on the Western Italian coast were assessed. Considering the ∼2 • C (annual average SST) temperature difference and the homogeneity of the seawater δ 18 O and δ 13 C DIC measured along the gradient, the wide variation in both skeletal δ 18 O and δ 13 C (∼2 to ∼4% and ∼4 to ∼9%, respectively) among species may be attributed to metabolic/kinetic effects. In spite of the extensive effort to differentiate between the "carbonate" model and the "kinetic" model as controlling coral calcification (Adkins et al., 2003; McConnaughey, 2003; Chen et al., 2018) , our data show that individual corals within the same species express the full range of isotope fractionation, suggesting strong metabolic contributions in addition to the kinetic isotope effect in these temperate corals. Therefore, we conclude that precipitation of coral skeletal aragonite likely occurs under controlled kinetic biological processes, rather than thermodynamic control alone, following a mechanism that is yet to be unraveled.
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